Abbreviation: GBP: growth-blocking peptide.
Introduction
The innate immune system of animals including insects is divided into humoral and cellular defense responses. The potent inducible antimicrobial defense system of Drosophila melanogaster has been intensively studied in the last fifteen years. The finding of the Toll signaling pathway in Drosophila allowed identification of human Toll-like receptors as the human homologues of the Drosophila Toll, which dramatically highlighted the study of the innate humoral immune system even in the medical sciences (1) . In contrast to studies of the humoral defense system, the cellular defense precursors that require precise processing by proteases to produce the active form of the ENF peptides (18, 19) . Active GBP changes the plasmatocytes from a non-adhesive to an adhesive state, and the cells begin immediately to adhere to each other or to foreign surfaces. To characterize the intracellular signaling system of the GBP-induced changes in the adhesive state of plasmatocytes, membrane proteins of plasmatocytes were analyzed before and after treatment with GBP. The tyrosine residues of one single-pass plasmatocyte transmembrane protein (P77) with a molecular mass of 77 kDa was found to be phosphorylated within seconds after adding GBP to a hemocyte suspension. A binding assay using 125 I-GBP showed no direct binding of the ligand to P77, indicating that P77 is not a GBP receptor itself. Sequence analysis showed that P77 contains ten tyrosine residues in the cytoplasmic region in which the SH2/SH3 domain-binding motifs and an ITAM-like motif, E-x 2 -Y-x 2 -L-x 5 -Y-x 3 -I, are present. The ITAM motif found in mammalian cells is located in the cytoplasmic domain of transmembrane adaptor molecules that are associated with and transmit signals from many mammalian immunoreceptors including Fc, T cell, and B cell receptors (20) . In lymphocytes, ITAM-containing adaptors transmit antigen receptor signals that lead to cell activation and tolerance, depending on the intensity of the receptor stimulation and the presence of co-stimulatory signals. Recently, it has become clear that the Fc receptor and 12 kDa DNAX-activating protein (DAP12) associate with ß 2 and ß 3 integrins and contribute to signaling by these receptors (21) . The fact that P77 contains an ITAM-like motif in the cytoplasmic region implies that the association of P77 with integrins controls the GBP-dependent activation of plasmatocytes. In order to confirm this hypothesis, we used RNA interference (RNAi) to reduce P77 gene expression, and measured the effects of this treatment on integrin and plasmatocyte activities. Treatment of larvae with dsRNA for P77 significantly reduced GBP-dependent activation of plasmatocytes as well as integrin activity.
Results

Identification of 77-kDa transmembrane protein. When hemocytes suspended in
Ex-Cell 420 medium in a plastic culture plate are activated by more than 1 nM GBP, plasmatocytes spread on the surface of the plate. We first verified that GBP bound directly to plasmatocytes by performing a receptor binding assay with 125 I-GBP ( Fig.   S1 ). By Scatchard plot analysis of binding data, the number of GBP binding sites was calculated to be 13,300/cell. Further, the dissociation constant for GBP was calculated to be 1.35 nM, which is close to the GBP concentrations with plasmatocyte-spreading activity (more than 1 nM) and also to those in the hemolymph of the last instar larvae of the armyworm (approximately 3-14 nM) (22). These results and facts led us to conclude that GBP-induced spreading of plasmatocytes occurs following the specific and direct binding of GBP to the cells.
To roughly characterize the GBP signaling pathway for plasmatocyte activation, we first examined whether tyrosine phosphorylation of plasmatocytes contributes to transmission of the GBP signal in this process. When plasmatocytes were preincubated with the tyrosine kinase inhibitor genistein before the addition of GBP, plasmatocytes did not change their morphology ( Fig. 1A) , thus indicating that GBP-dependent activation of plasmatocytes may be associated with intracellular tyrosine phosphorylation.
As a preliminary survey of phosphotyrosine-based signaling components stimulated by GBP, we used Western blot analysis with anti-phosphotyrosine antibody to compare tyrosine phosphorylated proteins in hemocytes treated with GBP or its deletion mutant peptides. Prior studies indicated that the wild type GBP (1-25GBP) and the C-terminal deletion analog (1-23GBP) activated plasmatocytes equally, whereas the N-terminal deletion analog (2-23GBP) did not have the activity (23). In accordance with these biological activities, the Western blots showed that hemocytes stimulated by 1-25GBP or 1-23GBP expressed the highly tyrosine phosphorylated protein with a molecular mass of 77 kDa, but that the same protein was only weakly tyrosine phosphorylated in hemocytes stimulated with BSA or 2-23GBP ( Fig. 1B) . To characterize the GBP-induced tyrosine phosphorylation of this protein, designated P77, the dose-and time-dependent effects of GBP on the tyrosine phosphorylation levels were analyzed.
GBP showed a dose-dependent capacity to elevate the phosphorylation level of P77 (Fig.   1C ). The tyrosine phosphorylation level increased soon after the addition of GBP and maintained a high level at least for 15 min (Fig. 1D ).
Purification and characterization of P77. Two affinity column chromatographies using Fe 3+ -chelating Sepharose and anti-phosphotyrosine IgG columns, coupled with SDS-PAGE, isolated a purified P77 (Fig. S2 ). De novo sequencing of peptide fragments from P77 identified the amino acid sequences of two fragments (Fig. 2) . These peptide sequences enabled us to clone a P77 cDNA of 2,043 bp. The deduced protein encoded by P77 was 560 amino acids and contained a putative signal peptide sequence in the N-terminus and a single-pass transmembrane domain at position 168 to 190. The cytoplasmic tail of P77 was found to be rich in proline and to contain SH2 and SH3 domain-binding motifs. Further, evidence that an immunoreceptor tyrosine-based activation motif (ITAM)-like sequence, E-x 2 -Y-x 2 -L-x 5 -Y-x 3 -I, was present near the C-terminus of P77 implied its importance in the regulation of intracellular signaling of GBP. This interpretation was partially supported by demonstrating that this ITAM-like sequence together with the SH2/SH3 domain-binding motifs were completely conserved in the sequences of two P77 orthologs found in two other lepidopteran insects, Mamestra brassicae and Spodoptera litura (Fig. S3 ). These two orthologous genes were identified by RT-PCR, and the complete cDNAs were cloned by RACE-PCR methods.
To test whether GBP directly binds with P77, binding of 125 I-GBP was measured using COS7 cells transformed with P77 cDNA. Although we confirmed high levels of P77 expression in the transformed COS7 cells, significant binding of 125 I-GBP to the cell membrane fraction was not detected (Fig. S4 ), thus suggesting that P77 does not have the capacity for direct binding with GBP. However, these results cannot exclude the possibility that P77 interacts directly with GBP in vivo, as part of a GBP receptor complex.
Hybridization of P77 to a single mRNA of 2.1 kb on Northern blots revealed the full-length cloned cDNA ( Fig. 3A) , although the predicted molecular mass of the deduced P77 protein (60,790 Da) remained about 16 kDa less than that estimated for purified P77 by SDS-PAGE. Because the molecular mass was significantly decreased from 77 kDa to 70 kDa by treatment with N-glucosidase, P77 is a glycoprotein with N-linked sugar chains ( Fig. 3B ). RT-PCR analysis indicated that expression of P77 is restricted spatially to hemocytes and the nervous system ( Fig. 3C ). Spatially restricted expression of P77 protein was also confirmed by Western blot analysis ( Fig. S5A ).
Preferential expression of P77 in plasmatocytes was demonstrated by immunocytochemistry and Western blotting (Figs. 3D, S5B). In plasmatocytes, P77 was detected in the cytoplasm as well as the cell membrane by immunocytochemistry ( Fig.   3E ). Because P77 is a transmembrane protein, immunoreaction signals in the cytoplasm were expected to be derived from P77 in the membranes of organelles such as the endoplasmic reticulum. This expectation was confirmed by the result that immunoreactive proteins were present only in the insoluble fraction of the plasmatocyte lysate ( Fig. 3F ). P77 transcription was constantly maintained throughout the last larval stage ( Fig. S5C ).
Tyrosine phosphorylation pattern of P77 at bacterial infection.
Tyrosine phosphorylation levels of P77 were measured in hemocytes coincubated with bacteria.
In contrast to the quick phosphorylation of P77 by GBP, E. cloacae-or M.
luteus-induced phosophorylation was detected 30 min after initiation of the coincubation ( Fig. 4A ), suggesting that the bacteria-induced tyrosine phosphorylation of P77 is not caused directly by the bacteria themselves but by GBP secreted from hemocytes stimulated by the bacteria. This interpretation was supported by the results that a significant amount of the GBP precursor (pro-GBP) was secreted from hemocytes stimulated by bacteria ( Fig. 4B ). Further, the bacteria-induced elevation of phosphorylation levels of P77 was significantly blocked by the addition of anti-GBP IgG or a serine protease inhibitor cocktail that inhibits the proGBP-processing enzyme,
suggesting that bacterial infection activated the processing enzyme that elevated active GBP concentrations in the hemocyte incubation medium (Fig. S6 ). These data clearly demonstrated that the exposure of hemocytes to external pathogens such as bacteria enhanced the release of pro-GBP from hemocytes and induced its proteolytic processing to activate the GBP that triggered tyrosine phosphorylation of P77s in plasmatocytes.
Functional role of P77 in insect immune system
Previous reports suggested that integrins are involved in plasmatocyte activation processes such as spreading, encapsulation, and phagocytosis (24-27). To examine the functional link between P77 and integrins, we first measured tyrosine phosphorylation levels of integrin ß chains in plasmatocytes stimulated by GBP because their tyrosine phosphorylation was previously reported to be associated with the activation of integrins (28) . The results clearly showed that GBP enhanced tyrosine phosphorylation levels of the ß chains whose primary structures were verified as the P separata integrin ( Fig. 4C , see
Supporting information). We then performed RNA interference (RNAi) to reduce P77 expression, and measured the effects of this treatment on the integrin ß chain expression and its tyrosine phosphorylation level after GBP stimulation ( Fig. 4D, S7 ). The reduction of P77 expression by the RNAi significantly suppressed the integrin ß chain expression level as well as its phosphorylation level, thus indicating a close functional link between P77 and integrins ( Fig. 4D, S7 ).
To test the biological function of P77, we used RNAi to reduce the P77 expression level and measured the effects of this treatment on cellular and individual levels.
Control plasmatocytes prepared from larvae treated with dsRNA targeting EGFP were strongly spread by GBP, whereas plasmatocytes from larvae treated with P77 dsRNA were not significantly activated by GBP ( Fig. 4E ). Further, injection of the pathogenic bacterium Serratia marcescens caused significantly higher mortality in P77
dsRNA-treated larvae than in control EGFP RNAi larvae ( Fig. 4F ), strongly suggesting that P77 is essential for GBP signaling to mediate normal innate cellular immunity in insects.
Discussion
In the present study, we found the novel adaptor protein P77, which is involved in GBP signaling for activation of immune cells, plasmatocytes. Because the involvement of integrins in the adhesive and phagocytic responses of plasmatocytes has been demonstrated in some insect species (24-27), we examined whether the GBP-P77 signaling contributes to activation (tyrosine phosphorylation) of integrins in plasmatocytes. Incubation of plasmatocytes with GBP clearly induced tyrosine phosphorylation of integrin ß chains. However, plasmatocytes lacking P77 due to the RNAi lacked sensitivity to GBP, and GBP-dependent tyrosine phosphorylation of integrin ß chains did not occur in these plasmatocytes. The same plasmatocytes were also defective in GBP-mediated spreading or aggregation responses. Further, RNAi targeting P77 significantly suppressed integrin expression, suggesting that GBP-signaling may control integrin transcription levels as well as its activity. These results strongly suggest that GBP-induced activation of plasmatocytes is directly catalyzed by integrins whose activities are mediated by the adaptor protein P77.
Although we do not have direct evidence that explains the mechanism underlying the regulation of integrin activities by P77, it is worth emphasizing that P77 contains several notable motifs, such as SH2/SH3 domain-binding motifs and the ITAM-like
The fact that ITAM motifs are generally present in the cytoplasmic domain of transmembrane adaptor proteins that associate with and mediate cell activation by immunoreceptors enabled us to presume that P77 transmits the GBP signal to integrins by using the ITAM-like motif. This assumption is consistent with recent findings that integrin signaling for the activation of cellular responses in mammalian immune cells requires ITAM sequences in FcR and DAP12 (29) (30) (31) . The presumed function of the SH2/SH3 domain-binding motifs in P77
was also based on accumulated data on the mammalian adaptor protein, non-catalytic region of tyrosine kinase adaptor proteins (Nck and Nck2) containing SH2/SH3 domains (32) . Through its SH2 domain, Nck binds to specific phosphotyrosine-containing sites on activated receptors and scaffolds, and through its SH3 domains, Nck binds to proline-rich motifs in downstream effectors. These latter targets include proteins involved in the control of cellular actin dynamics. Although P.
separata Nck has not been identified, in Drosophila Nck/Dock SH2/SH3 adaptor protein has been found as a mammalian Nck homologue (33) . Given that SH2/SH3 domain binding motifs in P77 interact with Nck-like adaptor protein, it is plausible that P77 is involved in organization of the actin cytoskeleton under the influence of GBP in immune cells. Further, it has been reported that Nck-2 associates with a number of growth factor receptors including EGF and PDGF receptors (34) . Based on the facts that GBP functions as a cell growth factor and shares a striking similarity with the C-terminal loop subdomain of EGF (35) (36) (37) , it is reasonable to assume that P77 may directly or indirectly interact with a GBP receptor, actin, and integrin molecules using its SH2/SH3 domain binding motifs and associate with integrin through the ITAM-like domain. Therefore, P77 may function as a focal point that transduces GBP signaling to integrin signaling.
It has been reported that GBP is produced as a precursor form (pro-GBP) mainly from the fat body, and a relatively high concentration of pro-GBP is normally present in the hemolymph (18, 19, 38) . This observation has obscured the possible fluctuation of hemolymph pro-GBP levels depending on physiological conditions of the insects.
However, the present in vitro experiments (Fig. 4B) showed that exposure of hemocytes to microbes enhanced the secretion of pro-GBP from hemocytes. Further, another in vitro experiments (Fig. 4A, S6 ) demonstrated that microbes stimulates hemocytes to induce proteolytic activation of pro-GBP to active GBP by a specific serine protease(s) that has been reported in some lepidopteran larvae (18, 19) , implying that this microbe-induced elevation of active GBP in the medium (or in the hemolymph in vivo) must be very fast because the process of elevating pro-GBP levels is simple without necessity to pass through the transcriptional enhancement. Given that concentrations of active GBP are precisely regulated in vivo as demonstrated in vitro, it is reasonable to propose that GBP mediates cellular immune activities to defend insects against various acute infections. Further functional studies of P77 should increase our understanding how the insect cytokine GBP coordinates cellular innate immune activities in infected insect bodies.
Materials and Methods
Animals. Pseudaletia separata larvae were reared on an artificial diet at 25±1°C with a photoperiod of 16 h light: 8 h dark (39) .
Analysis of phosphorylated proteins in hemocytes.
Hemolymph was collected into an ice-cold microcentrifuge tube containing 1 ml of anticoagulant buffer (41 mM citric acid, 98 mM NaOH, 186 mM NaCl, 1.7 mM EDTA, pH 4.5) and immediately centrifuged at 500 g for 1 min at 4°C. Precipitated hemocytes were suspended in 1 ml anticoagulant buffer and, after leaving on ice for 1 h, cells were used for following assays. For isolation of plasmatocytes (over 90% purity), Percoll step-gradient centrifugation was used as described previously (40) . Whole hemocytes or plasmatocytes were washed twice with anticoagulant buffer and once with Ex-Cell 420 medium (JHR Bioscience) by repeating suspending and centrifugation at 500 g. Washed cells were finally resuspended in Ex-Cell 420 medium (20 larvae equivalents/ml) and then stimulated with GBP at 25 . After stimulation, cells were solubilized by adding same volume of 2 x lysis buffer (100 mM HEPES-NaOH, 300 mM NaCl, 3 mM MgCl 2 , bromophenol blue) and separated by SDS-PAGE (8% or 10%), transferred onto an Immobilon-P PVDF membrane (Millipore). Following Western blot analysis with anti-phosphotyrosine mouse monoclonal antibody (PY-100; Cell Signaling) was carried out as described previously (39) . For reprobing, membranes were washed for 30 min at 50 o C in 62.5 mM Tris-HCl (pH 6.7) containing 100 mM 2-mercaptoethanol and 2 % SDS, and they were probed with anti-P77 rabbit IgG or anti-human integrin ß3 IgG (Santa Cruz Biotechnology).
The protein band cross-reacted with the anti-integrin ß3 IgG was demonstrated to be that of P. separata integrin ß-chain as described in Supporting information.
Northern blot analysis. Twenty-five micrograms of total RNA was separated on a 1% formaldehyde-agarose gel and transferred onto a Hybond N + nylon membrane (GE Healthcare). Hybridization was performed at 42°C in 50% formamide containing 5xSSPE and 0.5% SDS. The P77 cDNA fragment (1-941 bp) labeled with [ 32 P]dCTP was used as a probe. The membrane was washed with 2x NaCl/Cit containing 0.1% SDS at 42 o C, according to the procedure described previously (41) . Anti-P77 IgG was precipitated by adding ammonium sulfate to 40% saturation and further purified by an affinity column of protein G-Sepharose (GE healthcare).
Preparation of anti
Immunoprecipitation. For immunoprecipitation, Protein G-Sepharose conjugated
with anti-P77 rabbit IgG (1 mg IgG/ml gel) was mixed with hemocyte lysate and left for 6 h at 4 o C. After washing the immunoprecipitate three times with lysis buffer, protein samples were eluted by boiling in sample buffer and analyzed by Western blotting with anti-phosphotyrosine antibody described above. After stripping for 30 min at 50 o C in a solution containing 62.5 mM Tris-HCl (pH 6.7), 100 mM 2-mercaptoethanol and 2 % SDS, the membrane was reprobed with anti-p77 mouse IgG followed by incubation with HRP-conjugated secondary antibody (39) .
Glycosidase treatment. P77 immunoprecipitated from the hemocyte lysate as described above was incubated with 0.2 U of N-glycosidase F (Roche) in 50 mM phosphate buffer (pH 7.4) containing 1% Triton X-100 for 12 h at 37 o C. Samples were eluted with sample buffer for SDS-PAGE, and separated by 10% SDS-PAGE and probed with anti-P77 mouse IgG after transferring it onto a PVDF membrane as described above.
Immunocytochemical analysis. Immunocytochemistry of hemocytes prepared from
Day4 last instar larvae was performed as described previously (39) . Hemocytes were incubated with 100 nM GBP for indicated periods. 
Purification of P77 and integrin ß1
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